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We present an analytical model to account for the inertial dynamics of a magnetic vortex. The
model is based on a deformation of the core profile based on the Do¨ring kinetic field, whereby the
deformation amplitudes are promoted to dynamical variables in a collective-coordinate approach
that provides a natural extension to the Thiele model. This extended model accurately describes
complex transients due to inertial effects and the variation of the effective mass with velocity. The
model also provides a quantitative description of the inertial dynamics leading up to vortex core
reversal, which is analogous to the Walker transition in domain wall dynamics.
Topological solitons represent compact, nontrivial so-
lutions of a nonlinear field system. In magnetic
thin films, examples of such excitations include one-
dimensional (1D) configurations like domain walls [1, 2]
and two-dimensional structures such as vortices [3–6] and
skyrmions [7, 8]. For the latter, a common approach
for describing their dynamics involves a collective coor-
dinates approach in which the position X = (X,Y ) of the
vortex or skyrmion core, assumed to be rigid, is elevated
to a dynamical variable X(t) and subsequently defines
the entire dynamics of the system by allowing all other
degrees of freedom to be integrated out. This is the basis
of the Thiele model [4, 9, 10],
G× X˙+ α↔D · X˙ = −∂U
∂X
, (1)
where G = (Ms/γ)
∫
dV sin θ (∇θ ×∇φ) is the gyrovec-
tor,
↔
D = (Ms/γ)
∫
dV
[∇θ ⊗∇θ + sin2 θ (∇φ⊗∇φ)] is
the damping tensor, α is the Gilbert constant, U is a to-
tal magnetic energy, Ms is the saturation magnetization,
and γ is the gyromagnetic constant. Here, θ and φ rep-
resent the orientation of the magnetization field, m, in
spherical coordinates.
However, it has been known since the seminal work of
Do¨ring [11] that soliton motion in ferromagnetic materi-
als should be accompanied by a deformation of the core,
since the Landau-Lifshitz equation governing the mag-
netization dynamics does not exhibit Galilean invariance
and so changes to the static profile must appear for a
soliton propagating at finite velocity in the steady state.
This is apparent in the 1D model of domain wall dynam-
ics, where in addition to the wall position q(t) an addi-
tional dynamical variable, the wall angle ϕ(t), appears
in the equations of motion and describes a transforma-
tion from the equilibrium static wall profile [12, 13]. In
addition, the potential energy related to ϕ(t) character-
izes the wall mass and limits the propagation speed of
the time-independent profile, a phenomenon known as
Walker breakdown.
Interestingly, despite the large body of theoretical work
on magnetic vortex and skyrmion dynamics to date, a
consistent description of inertial effects and core deforma-
tion within the Thiele framework remains largely unex-
plored. Some earlier work has identified the importance
of deformation [14–16], but appears to be overlooked.
From a phenomenological standpoint, inertia can be in-
troduced through the addition of a mass termM [15, 17–
23],
MX¨+G× X˙+ α↔D · X˙ = −∂U
∂X
. (2)
However, this approach neglects the change in internal
energy as a result of changes to the magnetic config-
uration of the core, which occurs in processes such as
vortex core switching [24–27] and trochoidal motion of
antiskyrmions [28], which are phenomena analogous to
Walker breakdown.
In this Letter, we develop a model to account for the
motion-induced inertia of magnetic vortices. First, we
describe an analytic model for the deformation based on
Do¨ring’s kinetic field, then derive equations of motion of
the vortex core, from which the inertial motion can be
described. We define the effective inertial mass of the
vortex core, and show that the mass depends on the core
velocity. We propose a simple model for the energy pro-
file which can be exploited to understand the core’s iner-
tial motion, dependence of the mass on the velocity, and
dynamics of the core before the core polarity switching.
Consider a moving vortex with a finite velocity, X˙.
In this case, the magnetic configuration of the vortex
should be deformed by Do¨ring’s kinetic field, Hkin =
(1/γ0)m ×
[
(X˙ ·∇)m
]
, where γ0 = µ0γ and m =
(sin θ cosφ, sin θ sinφ, cos θ) is a unit vector of a local
magnetic moment [11, 26]. θ and φ are polar and az-
imuthal angles of the magnetic moment. Our model is
based on the assumption that deformations δm to the
static core profile, m0, can be expressed in terms of a
rotation of the magnetic moments towards the direction
of the kinetic field, i.e., δm ∝ −m0 × (m0 ×Hkin) [29].
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FIG. 1. (a) Deformed vortex configurations near the core
(60× 60 nm2) calculated from the static configuration (ξx =
0 nm) using Eq. (3) with ξx = −5,−3, 3, and 5 nm. The
height is proportional to mz and color indicates mz as noted
by the color bar. (b) Deformation of the vortex obtained from
a micromagnetic simulation at the indicated velocity, Y˙ .
This leads to the deformation ansatz,
θ(x, ξ) = θ0 − sin θ0 [ξ ·∇φ0] ; (3a)
φ(x, ξ) = φ0 +
1
sin θ0
[ξ ·∇θ0] , (3b)
where θ0 = θ0(x − X) and φ0 = φ0(x − X) are the
polar and azimuthal angles of the static configuration.
ξ(t) = (ξx(t), ξy(t)) is a new dynamical variable that
describes the deformation amplitude with dimensions of
length. Using Eq. (3), we obtain the deformed configura-
tion from the initial vortex state as presented in Fig. 1(a)
in the case of a permalloy disk with a diameter of 512 nm
and a thickness of 20 nm. The result shows that Eq. (3)
gives largely good description of the core deformation
observed in a micromagnetic simulation [Fig. 1(b)], in
particular, its asymmetric dip formation near the vortex
core [25, 30, 31].
From Eq. (3), equations of motion can be derived from
the Euler–Lagrange equations [12, 32–34] of the four in-
dependent collective coordinates, X, Y , ξx, and ξy,
G×
(
X˙− αξ˙
)
+
↔
D ·
(
αX˙+ ξ˙
)
= −∂U
∂X
; (4a)
G×
(
ξ˙ + αX˙
)
+
↔
D ·
(
αξ˙ − X˙
)
= −∂U
∂ξ
, (4b)
where the Usov ansatz of the vortex core pro-
file leads to G = 2piMspd/|γ| zˆ and
↔
D = DI
↔
=
I
↔
(piMsd/|γ|) [2 + ln(R/b)], with I
↔
being the 2 × 2 iden-
tity matrix [23]. Here, d is the film thickness, p is the
core polarity, R is the system size, and b is the vortex
core radius.
We now consider the total magnetic energy, U(X, ξ),
which can be expressed to lowest order as U = U0 +
Up(X) + Ud(ξ), where U0 is the ground state energy,
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FIG. 2. (a) Deformation energy, Ud, as a function of ‖ξ‖2
(symbols) with the linear fit (red line). (b) Trajectory of
the vortex core for 2 ns obtained by solving Eq. (4) with
κd = 0.14 J/m
2. The motion is excited by an in-plane 2 mT
magnetic field. (c) Time evolution of the core speed, ‖X˙‖,
during the motion in (b). (d) Core trajectory obtained from
micromagnetic simulation. (e) Time evolution of ‖X˙‖ during
the motion presented in (d). The dashed lines in (c) and (e)
indicate the initial acceleration.
and Up(X) and Ud(ξ) are the potential and deformation-
induced energies, respectively. In a thin film disk,
Up(X) ≈ (κp/2)‖X‖2 to lowest order in X, where κp is
a stiffness coefficient [35, 36]. Since the deformation en-
ergy is an even function in ξ, we can also write to lowest
order in ξ,
Ud(ξ) ≈ 1
2
κd‖ξ‖2. (5)
The parameter κd can be determined numerically from
micromagnetics simulations. We consider a cylindrical
dot with a diameter of 2R = 512 nm and a thickness of
d = 20 nm. We use magnetic parameters corresponding
to permalloy, where the exchange constant is taken to be
Aex = 10 pJ/m, Ms = 0.8 MA/m, and α = 0.013. We
consider small deformations of the order ‖ξ‖ < 0.1 nm.
From the initial vortex state, which is found from energy
minimization, we obtain the deformed configuration us-
ing Eq. (3), then calculate both the exchange and magne-
tostatic energies. Ud is plotted in Fig. 2(a) as a function
of ‖ξ‖2, where the slope corresponds to κd/2. For this
set of parameters, κd ≈ 0.14 J/m2.
Using the fitted value of κd, we then calculate inertial
motion of the core under a static in-plane magnetic field,
‖B‖ = 2 mT. For this, we include an additional Zeeman
term, UB(X) = µ (zˆ×B) · X, where µ ≈ (2/3)Ms/R
[23]. The numerically calculated core trajectory and ve-
locity using Eq. (4) with κd = 0.14 J/m
2 are presented in
3Figs. 2(b) and 2(c), respectively. After applying the field,
the core exhibits additional oscillatory motion on top of
the usual gyration, which also results in oscillations in the
speed ‖X˙‖, which are in good agreement with micromag-
netic simulations as shown in Figs. 2(d) and 2(e). These
oscillations results from the core deformation. Note that
we can observe an additional oscillation in the envelope of
‖X˙‖ in the simulation [Fig. 2(e)], because the frequency
of this oscillation ∼ 8 GHz is close to the frequency of
spin wave modes of this system.
By considering a linear steady-state motion of the core,
the relation between the deformation energy and the core
velocity, Ud =
1
2M‖X˙‖2, can be obtained from Eqs. (4)
and (5), where
M≡ D
2
κd
(6)
which can be regarded as an effective inertial mass under
small deformations. In the case of 2R = 512 nm and d =
20 nm of a NiFe cylindrical dot, for example, the mass is
found to be MNiFe ≈ 1.4× 10−23 kg, which is similar to
the values for domain walls and bubbles obtained from
experiments [37, 38].
The acceleration of the core can be calculated from
X¨ = F/M, where F is a force exerted on the core. If
‖B‖ = 2 mT is applied on a stable vortex core, the accel-
eration will be ‖X¨‖ = ‖FB‖/MNiFe ≈ 1.2 × 1012 m/s2,
where FB = −µ|B|piR2d is the force from the in-plane
field [23]. As shown in Figs. 2(c) and 2(e) [dashed
line], the calculated acceleration value is in a good agree-
ment with those obtained from the simulation ‖X¨‖ ≈
1.1× 1012 m/s2.
We now turn our attention to the inertial mass under
large deformations beyond the range for which Eqs. (5)
and (6) are valid. In this limit, the deformation model
[Eq. (3)] cannot be used to calculate Ud since the mag-
netic energy is overestimated particularly at the core cen-
ter [34]. Therefore, we extract the inertial mass from mi-
cromagnetic simulations at stable deformed-vortex con-
figurations under a static-uniform in-plane electric cur-
rent [39]. Under applied currents, deformed core config-
urations can be obtained without any core motion, since
the effective spin-current drift velocity u acts as the core-
motion velocity −X˙ when only adiabatic term is consid-
ered in the limit α 1. In the immobile state, we obtain
the core displacement from the center of the disk, ‖X‖,
and the total magnetic energy, U , as a function of ‖u‖
[black lines in Figs. 3(a) and 3(b)]; both ‖X‖ and U in-
crease with an increasing ‖u‖ up to the critical value at
∼ 280 m/s above which the stationary state changes due
to reversal of the vortex core.
From the ‖X‖ and U obtained, we dissociate the de-
formation energy, Ud = U −U0− (κp/2)‖X‖2 [red line in
Fig. 3(b)], then calculate the effective inertial mass from
M = 2Ud/‖u‖2. Here we assume thatM = D2/κd when
‖u‖ = 0 to find the reasonable κp value. The obtained
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FIG. 3. (a) Core position displacement, ‖X‖, as a function
of an effective spin-current drift velocity, ‖u‖. (b) Total mag-
netic energy, U , the potential energy, Up, and the deformation
energy, Ud, as a function of ‖u‖. (c) Inertial mass of the vor-
tex,M, as a function of ‖u‖ obtained fromM = 2Ud/u2 (red
line). The black dashed line indicates the mass at rest calcu-
lated from Eq. (6). The blue circles areM obtained from the
acceleration, ‖X¨‖, shown in (e). (d) Time evolution of ‖X˙‖
for different ‖u‖. (e) The initial acceleration, ‖X¨‖, obtained
from (d).
M is plotted in Fig. 3(c) as a function of ‖u‖ (red line).
The result shows that the mass depends on the veloc-
ity; M gradually increases with an increasing ‖u‖ from
D2/κd, in particular, M increases drastically near the
critical velocity, ∼ 280 m/s. Because ‖u‖ ≈ ‖X˙‖ in this
case, the result implies that the effective inertial mass
increases with an increasing the core velocity.
The core acceleration, ‖X¨‖, can be obtained using
micromagnetic simulations in which an in-plane field,
‖B‖ = 2 mT, is applied to different stationary deformed
configurations under ‖u‖. We plot the time evolution of
the velocity in Fig. 3(d) and present their initial acceler-
ation as a function of ‖u‖ in Fig. 3(e). The result shows
that the acceleration reduces with increasing ‖u‖ as ex-
pected from the increase in mass. By using the obtained
‖X¨‖, we calculate the inertial mass fromM = ‖FB‖/‖X¨‖
and plot it in Fig. 3(c) using blue circles, which is in good
agreement with the mass calculated for the deformation
energy. This result shows that the effective mass depends
on the core velocity and the core deformation.
The increase of the effective inertial mass means that
Eq. (5) is not valid for large deformations. Nevertheless,
we can extract the relation between Ud and ξ from micro-
4magnetic simulations. The equations of motion with an
adiabatic spin-transfer torque can be calculated by using
the substitution d/dt→ d/dt+ u · ∇ in the equations of
motion,
G×
(
X˙− u− αξ˙
)
+
↔
D ·
(
αX˙+ ξ˙
)
= −∂U
∂X
; (7a)
G×
(
ξ˙ + αX˙
)
+
↔
D ·
(
αξ˙ − X˙+ u
)
= −∂U
∂ξ
. (7b)
From the Eq. (7b), we obtain a relation Dux =
−∂Ud/∂ξx at the stationary deformed state under a x-
directional in-plane current stated above, because X˙ =
Y˙ = ξ˙x = ξ˙y = 0. D, ux, and Ud values can be taken
from the simulations, thus we can numerically obtain ξx
by assuming ∂Ud = ∆Ud and ∂ξx = ∆ξx. The com-
puted deformation energy, Ud, and its derivative ‖∂ξUd‖
are shown as a function of ‖ξ‖ in Figs. 4(a) and 4(b)
[black lines], respectively. For comparison, we also show
Eq. (5) using blue dashed lines. The results illustrate
that the obtained Ud obeys Eq. (5) for a small defor-
mation, however, deviations appear when ‖ξ‖ becomes
large. In particular, the slope of ‖∂ξUd‖ almost vanishes
at the maximum value, Fd,0. This energy profile is con-
sistent with the increase of M, because the effective κd
decreases when the deformation is large.
Based on the results in Figs. 4(a) and 4(b), and by
analogy with the Walker breakdown problem in domain
wall dynamics, we propose a simple model for the defor-
mation energy profile in place of Eq. (5),
Ud = Ud,0 sin
2
(√
κd
2Ud,0
‖ξ‖
)
, (8)
which is valid for deformations up to ‖ξmax‖ =
(pi/4)
√
2Ud,0/κd, i.e., the point at which the restoring
force attains its maximum. Ud,0 can be calculated from
Ud,0 = 2F
2
d,0/κd, where Fd,0 is the maximum value of
‖∂ξU‖ which can be obtained from the simulation as
shown in Fig. 4(b). We plot Eq. (8) in Figs. 4(a) and
4(b) (red dashed line) with Fd,0 = 3.9×10−10 N; Eq. (8)
well describes the energy profiles before reaching Fd,0.
This model explains the maximum core velocity attained
before core switching. If the core motion is carefully ex-
cited with sufficiently small ‖ξ˙‖, Ud increases following
Eq. 8 and the core switching occurs when Ud = Ud,0.
During the dynamics, the core velocity is approximately
‖X˙‖ ≈ ‖∂ξU‖/D if α 1, therefore, generally the veloc-
ity does not exceed the maximum value, Fd,0/D. Note
that the maximum velocity here is analogous with the
Walker velocity in 1D domain wall dynamics.
Eq. (8) also shows that the maximum velocity is not
a sufficient condition for the core switching, since fur-
ther deformation is required to reach the maximum en-
ergy Ud,0. This process is not instantaneous, so if the
driving force is switched off prior to the switching event,
the core reversal will not occur even though the velocity
(1
0-1
8 
J)
0 5 100
1
2
3
0 5 100
2
4
0 5 10 150
100
200
300
11 12 13
260
270
280
290
0 5 10 150
100
200
300
11.5 12 12.5
240
250
260
270
280
(m
 / s
)
(m
 / s
)
(m
 / s
)
(m
 / s
)
Eq. 5
Eq. 8
Simulation Simulation
Eq. 5
Eq. 8
Fd,0
U
d
(1
0-1
0 
N)
(a) (b)
(nm) (nm)
= 11.9 ns
12.1 ns 12.3 ns
12.5 nsts
= 12.05 ns
12.15 ns 12.25 ns
12.35 nsts
Continuous
Continuous
(c)
(d)
(ns)t (ns)t
(ns)t (ns)t
Simulation
Analytic
kX˙
k
kX˙
k
kX˙
k
kX˙
k
k⇠k k⇠kk
@
⇠
U
d
k
FIG. 4. (a) Deformation energy, Ud, as a function of the
deformation amplitude, ‖ξ‖ (black line). The blue dashed line
is Eq. (5) and the red dashed line is Eq. (8). (b) Derivative of
the deformation energy, ‖∂ξUd‖, as a function of ‖ξ‖. (c) ‖X˙‖
during the resonant excitation obtained from micromagnetic
simulations. The black line is the result from a continuous
excitation up to the core switching and the gray line indicates
the maximum core velocity. The green, red, blue, and light
blue lines indicate the velocity when the driving field is turned
off at ts as shown in the right panel which shows a zoom on
the region around the maximum core velocity. (d) as in (c)
but obtained by solving Eq. (4) with Eq. (8).
maximum has been attained. The transient dynamics
associated with this is shown in Fig. 4(c). With the
same material and geometrical parameters above, the
core motion is resonantly excited by a rotating field,
BCCW = (B0 cosωt,B0 sinωt, 0), where B0 = 1.3 mT
and ω/2pi = 320 MHz. When the field is applied con-
tinuously, the core reaches the maximum velocity at
∼ 11.9 ns, after which the velocity decreases and the
core reverses at ∼ 12.6 ns [black line in Fig. 4(c)]. If
however we turn off the field just after the maximum ve-
locity is reached, core reversal does not take place [green,
red, and blue lines in Fig. 4(c)]. In those cases, the core
velocity can even exceed the nominal maximum velocity
instantaneously just after turning off the field, because
of a relatively large ξ˙ from the deformation dynamics.
Core switching occurs if the field is turned off too late
[light blue line in Fig. 4(c)]. These phenomena can be
reproduced in our model by solving Eq. (4) with Eq. (8),
as shown in Fig. 4(d). This result shows that the energy-
5profile model, Eq. (8), can describe the dynamics up to
large deformations close to the switching transition.
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This document provides additional information on the derivation of the equations of motion from the defor-
mation model, a discussion on the accuracy of estimates of the deformation energy, and details concerning the
micromagnetics simulations performed.
I. Equations of Motion
From the deformation model,
θ(x, ξ) = θ0 − sin θ0 [ξ ·∇φ0] ;
φ(x, ξ) = φ0 +
1
sin θ0
[ξ ·∇θ0] ,
(S1)
we can calculate the Euler-Lagrange equation [1–3],
d
dt
∂L
∂q˙
− ∂LB
∂q
+
∂W
∂q˙
= 0, (S2)
where q = {X,Y, ξx, ξy} represent the generalized coordinates and
L =
Ms
γ
φ˙ (1 − cos θ) − U,
W =
Ms
2γ
(dθdt
)2
+ sin2 θ
(
dφ
dt
)2 , (S3)
are the Lagrangian and dissipative function densities, respectively. By solving the Euler-Lagrange equation and integrating over
the volume, we obtain the equations of motion,
αD∗xxX˙ + (−G∗xy + αD∗xy)Y˙ + (D†xx + αG†xx)ξ˙x + (D†xy + αG†xy)ξ˙y = −
∂U
∂X
;
(−G∗yx + αD∗yx)X˙ + αD∗yyY˙ + (D†yx − αG†yx)ξ˙x + (D†yy + αG†yy)ξ˙y = −
∂U
∂Y
;
(−D†xx + αG†xx)X˙ + (−D†xy − αG†xy)Y˙ + αD§xxξ˙x + (−G§xy + αD§xy)ξ˙y = −
∂U
∂ξx
;
(−D†yx − αG†yx)X˙ + (−D†yy + αG†yy)Y˙ + (−G§yx + αD§yx)ξ˙x + αD§yyξ˙y = −
∂U
∂ξy
,
(S4)
where
G∗i j =
Ms
γ
∫
dV sin θ
(
∂θ
∂i
∂φ
∂ j
− ∂φ
∂i
∂θ
∂ j
)
;
G†i j =
Ms
γ
∫
dV
(
sin θ0
∂θ
∂i
∂φ0
∂ j
− sin
2 θ
sin θ0
∂φ
∂i
∂θ0
∂ j
)
;
G§i j =
Ms
γ
∫
dV sin θ
(
∂θ0
∂i
∂φ0
∂ j
− ∂φ0
∂i
∂θ0
∂ j
)
;
D∗i j =
Ms
γ
∫
dV
(
∂θ
∂i
∂θ
∂ j
+ sin2 θ
∂φ
∂i
∂φ
∂ j
)
;
D†i j =
Ms
γ
∫
dV
(
sin θ
sin θ0
∂θ
∂i
∂θ0
∂ j
+ sin θ sin θ0
∂φ
∂i
∂φ0
∂ j
)
;
D§i j =
Ms
γ
∫
dV
(
sin2 θ
sin2 θ0
∂θ0
∂i
∂θ0
∂ j
+ sin2 θ0
∂φ0
∂i
∂φ0
∂ j
)
.
(S5)
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2In the case of a static vortex configuration (‖ξ‖ = 0), we obtain
G∗xx = G
†
xx = G
§
xx = G
∗
yy = G
†
yy = G
§
yy = 0;
G∗xy = G
†
xy = G
§
xy = −G∗yx = −G†yx = −G§yx = G;
D∗xx = D
†
xx = D
§
xx = D
∗
yy = D
†
yy = D
§
yy = D;
D∗xy = D
†
xy = D
§
xy = D
∗
yx = D
†
yx = D
§
yx = 0,
(S6)
where
G =
Ms
γ
∫
dV sin θ0
(
∂θ0
∂x
∂φ0
∂y
− ∂φ0
∂y
∂θ0
∂x
)
=
2piMsdp
γ
;
D =
Ms
γ
∫
dV
(
∂θ0
∂x
∂θ0
∂x
+ sin2 θ
∂φ0
∂x
∂φ0
∂x
)
,
=
Ms
γ
∫
dV
(
∂θ0
∂y
∂θ0
∂y
+ sin2 θ
∂φ0
∂y
∂φ0
∂y
)
,
≈ piMsd
γ
[
2 + ln
(R
b
)]
.
(S7)
based on the Usov model [4]. By substituting Eq. (S6) into Eq. (S4), we obtain the equations of motion of the vortex core
presented in the main text [Eq. (4)].
II. Overestimation of deformation energy
For a small deformation, the stiffness of the deformation energy, κd, can be obtained by calculating energy from the defor-
mation model [Eq. (S1)], as shown in Fig. 2(a) in the main text. However, the deformation energy, Ud can be overestimated
for a large deformation, because the model cannot describe deformation of the vortex core properly [Fig. S1(a)]. This peculiar
magnetic configuration results in an energy overestimation as shown in Fig. S1(b).
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Figure S1 | (a) Contour lines of z-component of the local magnetization, mz, of deformed vortex-core configurations calculated from the
analytic deformation model [Eq. (S1)] with different deformation parameters, ξx. (b) Ud as a function of ‖ξ‖ obtained from the energy of the
deformation model [Eq. (S1)] (green dashed line), quadratic model [Eq. (5) in the main text] (blue dashed line), sinusoidal model [Eq. (8) in
the main text] (red dashed line), and a simulation [black line].
III. Micromagnetic Simulations
The MuMax3 code is used for micromagnetic simulations [5]. A cylindrical disk is chosen with a diameter of 2R = 512 nm
and a thickness of d = 20 nm. We use magnetic parameters of permalloy; we consider an exchange constant of Aex = 10 pJ/m, a
saturation magnetization Ms = 0.8 MA/m, and a Gilbert constant of α = 0.013. For the potential and deformation energies, we
used κp = 1.15 × 10−3 J/m2 and κd = 1.40 × 10−1 J/m2, respectively. The initial vortex state has clockwise chirality and upward
3core. To obtain dynamics of the vortex core, the system is uniformly discretized by a unit cell of 0.5 × 0.5 × 20 nm3. To obtain
stationary states with an in-plane current, 2.0 × 2.0 × 20 nm3 unit cell is used. The in-plane current is applied in the x-direction
with a spin polarization of P = 0.5. The non-adiabatic effect is ignored.
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